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The valley of transition metal dichalcogenides provides an additional platform to manipulate spin due to its unique selection rule. Normally, intralayer optical transitions in magnetic field show a Zeeman splitting with g factor of about −4. Here we report remarkable valley Zeeman effect exhibited by splitting of excitonic emission in a bilayer WS 2 , with a value of g factor as large as −16.5. The observed large g factor results from the interlayer recombination, as the conduction band and valence band are modified in opposite directions by magnetic field in different layers. The interlayer recombination is due to the defect induced inversion symmetry breaking, which is theoretically not accessible in ideal bilayer WS 2 with inversion symmetry.
Large g factor of interlayer emission offers potential benefits for future optical spin control and detection.
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Monolayer transition metal dichalcogenides (TMDs) have attracted considerable interests in their potentials for the next generation of nano-devices based on the valley pseudospin of electrons and holes 1 . Valley-dependent optical polarization, arising from inversion symmetry breaking and strong spin-orbit coupling, provides a platform to manipulate spin information of photon, thus having prospects in quantum information processing [2] [3] [4] . The study of the In this work, we report a large g factor in bilayer WS 2 with numerous defects. The WS 2 flakes were fabricated by exfoliating and the bilayer was confirmed by the thickness and the Raman characteristics. The Zeeman effect was investigated by the magnetophotoluminescence spectroscopy with a large g factor of about 16.5 observed at 30 K. We propose that the defect induced symmetry breaking leads to the interlayer emissions, resulting in the largely increased g factor.
The WS 2 flakes were mechanically exfoliated from bulk WS 2 onto silicon substrates with 300-nm silica capping layer. To verify the number of layers, Atomic force microscopy (AFM)
was performed with non-contact mode in air. The Raman spectrum was measured with a
Raman microscope excited with a laser at 532 nm. Microphotoluminescence (µ-PL) mea- Raman spectrum of the red spot marked in (c).
surements were performed at 4.2 K and pumped with a 532-nm laser. Sample with WS 2 flakes was placed on cryogenic confocal microscope system with high precision 3-dimensional piezo-driven motors. The PL spectra filtered with a 550 nm long-pass filter were collected by spectrometer with a 300 g/mm grating. The sample was cooled down to 4 K with liquid helium in the cryostat with a magnetic field from 0 to 9 T. An electric heater was used to heat the sample from 4 to 30 K. than that of A 1g implies monolayer. Nevertheless, the layer number should be less than three. Combining the AFM and Raman results, it can be confirmed that the region for the optical measurement is mainly a bilayer structure.
The measured PL spectra of our sample are unstable, in which the narrow peaks emerge and disappear randomly while a relatively stable broad peak always exists, as shown in Fig.   2 . According to the peak wavelength, this wide peak is located in A exciton range, which is corresponding to the upper valence band in spin-orbit coupling 1 . The peak is mainly from trions rather than neutral excitons at low temperature, according to the previous temperature-dependent PL spectra 17, 18 . The neutral exciton peak is much weaker than trion and defect peaks at cryogenic temperature 18 . As for the narrow peaks, not only the intensities but also the central wavelengths vary with time as shown in Fig. 2 
(c) and (d).
The spectral fluctuation was also observed by other groups experimentally 19, 20 . Since these narrow peaks located at the red side of the trion, localized defect states are the most possible sources 20 . In addition to the existence of fluctuation, we also discover that the fluctuation is sensitive to temperature and pumping power. The spectrum becomes more stable with increasing pumping power as shown in Fig. 2(a) and (b) . And the ratio of fluctuating peak intensity and the trion peak intensity decreases when temperature increases by comparing When a magnetic field perpendicular to the surface plane from 0 T to 9 T was applied,
we observed a large Zeeman splitting of the wide peak as shown in Fig. 3(a) . The sample to 30 K. Fig. 3 (b) and (c) show the fitted peak position and Zeeman splitting respectively, with the value of Landé g factor as large as −16.5 at 30 K. Additionally, there is a negative diamagnetic effect can be observed, which can be attributed to wavefunction expansion difference between initial and final states of the PL recombination for charged excitons 21, 22 . 
Where the Pauli matrices are defined in basis of
. The superscript u and l mean upper and lower layer respectively. The expressions xy, x 2 − y 2 describe the shapes of d orbit states of the transitional metal atom, which contribute to the states around valence band edge. ǫ q is the energy dispersion, λ is the spin-valley coupling, τ z is the valley index, t ⊥ is the interlayer hopping for holes, andŝ z denotes the spin. This model only considered spin contribution to the splitting, which is not sufficient to describe the large Zeeman splitting whose g factor is greater than 2. The orbital contribution to the Zeeman splitting should also be considered. A precise multiband k · p model considering influences by other distant bands is more appropriate here [23] [24] [25] . The resulting g factor is given by,
Where ± indicates that the transition comes from the different or same valley, m 0 is the mass of free electron, m e is the effective mass of electron in conduction band at ±K point, and m h is the effective mass of hole in valence band at ±K point. In monolayer situation, take − in ±, and the value of g factor is near −4. As for the interlayer emission, take + in ±, and the value of g factor is much larger. There is an equivalent explanation of the model, which is easier to understand. Zeeman splitting is contributed by three factors 5, 8, 26 , including spin, atomic orbital and valley orbital magnetic moment, as shown in Fig. 4 It should be noted that defect related bound states may also attribute to the enhancement of g factor 3,4 . In our case, it cannot be totally excluded in our measurement as the PL peak position is located at energy lower than the free excitons. However, normally the defected related bound states have much narrower linewidth of PL peaks, which can be identified in our sample at low temperature and are not stable as discussed above. Therefore, we believe the interlayer emission is dominated in our measurement for the broad peak at 30K, which corresponds well with our calculations as well.
In conclusion, a value of g factor as large as −16.5 has been observed in a bilayer WS 2 at 30 K. The large g factor is due to interlayer emission, caused by inversion symmetry breaking induced by defects in the bilayer flakes. The existence of defects has been confirmed with AFM, Raman spectroscopy and fluctuating PL peak. The large g factor has been well explained with considering the effective masses in different valleys in bilayer situation. As the g factor increases, a larger energy difference between different spin states can be obtained with a small magnetic field. The results provide a great potential for spin initialization and detection, and a platform for valleytronics for on-chip optical quantum information devices.
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